The apoprotein of the major light harvesting pigment-protein complex from the diatom Phaeodactylum tricornutum (UTEX 646) is composed of two similar polypeptides of 17.5 and 18.0 kilodaltons (kD). The in vivo synthesis of these polypeptides is inhibited by the 80s protein synthesis inhibitor cycloheximide, but not by the 70s ribosome inhibitor chloramphenicol. When total poly(A)' RNA was used in in vitro protein synthesis, a number of polypeptides were synthesized with a dominant product at 22 kD. When the polypeptides were immunoprecipitated with monospecific antibodies to the 17.5 and 18.0 polypeptides, a single protein zone of 22 kD was detected. Immunoprecipitation with preimmune serum failed to precipitate detectable levels of protein at any relative molecular weight (Mr). These findings indicate that the two apoprotein polypeptides of the diatom light harvesting pigment-protein are translated from polyadenylated message on cytoplasmic ribosomes as either a single or two (or more) similar M, precursor proteins. These findings also suggest that this protein is encoded in the nucleus.
ABSTRACI
The apoprotein of the major light harvesting pigment-protein complex from the diatom Phaeodactylum tricornutum (UTEX 646) is composed of two similar polypeptides of 17.5 and 18.0 kilodaltons (kD). The in vivo synthesis of these polypeptides is inhibited by the 80s protein synthesis inhibitor cycloheximide, but not by the 70s ribosome inhibitor chloramphenicol. When total poly(A)' RNA was used in in vitro protein synthesis, a number of polypeptides were synthesized with a dominant product at 22 kD. When the polypeptides were immunoprecipitated with monospecific antibodies to the 17.5 and 18.0 polypeptides, a single protein zone of 22 kD was detected. Immunoprecipitation with preimmune serum failed to precipitate detectable levels of protein at any relative molecular weight (Mr). These findings indicate that the two apoprotein polypeptides of the diatom light harvesting pigment-protein are translated from polyadenylated message on cytoplasmic ribosomes as either a single or two (or more) similar M, precursor proteins. These findings also suggest that this protein is encoded in the nucleus.
Photosynthetic light adaptation features of P. tricornwtum UTEX 646 indicate that it responds to low light by increasing cell size and numbers of photosystem I and II reaction centers per celL but does not change photosynthetic rate per cell or photosynthetic unit sizes significantly. When low light cells are exposed to higher photon flux densities, the in vivo incorporation of label into the apoprotein of the light harvesting complex decreases. In contrast, high light grown cells show rapid (<3 hour) increases in apoprotein synthesis when exposed to low light levels. This is the first demonstration of a specific role of photon flux density in regulating the synthesis of a major light harvesting pigment-protein during photosynthetic light adaptation.
Although the nonchlorophyte algae, particularly the diatoms, play a major and important role in marine productivity, little is known about the functional organization of their PSU3 or the molecular controls governing biogenesis of their chloroplasts. The isolation, and protein and spectral characterization of the major light harvesting pigment-protein complex from the marine ' Research support from National Science Foundation Grant OCE 82-14914 and National Aeronautics and Space Administration Grant NAGW-460 are acknowledged.
2Supported by NIH 'Abbreviations: PSU, photosynthetic unit; Chaps, (3-[3-cholamido- propyl)-dimethylammonioJ-l-propane-sulfonate); UTEX, University of Texas Culture Collection of Algae; PMSF, phenylmethylsulfonyl fluoride; P vs I, photosynthesis versus irradiance.
diatom Phaeodactylum tricornutum (13, 14) , has provided the first opportunity to investigate the regulation and biogenesis of a major chloroplast protein in this algal group. The present investigation describes several features of the biogenesis of this thylakoid protein and reveals the role of light in regulating its synthesis.
Chloroplast biogenesis in green plants and algae is known to involve the coordinated synthesis and assembly of both chloroplast and nuclear gene products (6, 7) . The chloroplast encoded products are, in general, characterized by the absence of polyadenylated mRNAs (12) , translation on chloramphenicol-sensitive 70s ribosomes (12) , and usually are not posttranslationally modified. In contrast, nuclear encoded chloroplast proteins are usually translated from polyadenylated messages (17, 30) on cycloheximide-sensitive 80s cytoplasmic ribosomes (12) as precursor molecules with amino-terminal 'transit sequences' (17, 30) . The precursor proteins are posttranslationally imported across the chloroplast envelope, modified concomitantly, and targeted to the correct chloroplast compartment ( 17, 30) . It has been assumed (e.g. Larkum and Barrett [25] ) based on analogy, that similar molecular events also occur on nonchlorophyte algae. The present investigation sought to determine some of the similarities/differences in the biogenesis of diatom and green algal chloroplasts.
The physical features of the water column, such as light and nutrients, should influence patterns of gene expression in phytoplankton, and consequently influence photosynthetic light adaptation. For example, the effects of photon flux density on chloroplast pigment composition, PSU features, photosynthetic capacity, thylakoid structure, etc., have been documented (2, 4, 16, 17, 29) . Accompanying changes in light levels in natural situations are changes in light quality (22) . It is known that chromatic effects in diatoms are largely expressed in growth parameters and ultrastructure and not in photosynthetic features (20, 25) , while photon flux density effects are principally manifested in photosynthetic features (20, 29) . Such components as PSU size and PSU numbers per cell, pigment composition and content, and photosynthetic capacity in diatoms can change dramatically in response to even small changes in light levels (15) . Since these changes are related to the organization and relative amounts ofreaction center and light harvesting pigmentprotein complexes (e.g. 16, 25, 29) , it would be expected that synthesis of these components should be regulated by the light environment. The present investigation documents for the furst time the regulatory role of photon flux density in the synthesis of a major light harvesting pigment-protein during photosynthetic light adaptation.
as described (14) . For all experiments except those examining the effects of photon flux density, cells were grown in 10-L carboys at 1 8°C under a 18/6 h day/night cycle. Cells were stirred and vigorously aerated and maintained under growth light levels of about 150 ME m-2 s-' (PAR). Cells were grown to densities of 1 x 106 cells ml-' and harvested in late log growth by continuous flow centrifugation (14) .
Cultures for light adaptation studies were grown in 1.8-L Fernbach flasks at high (400 ME m-2 s-', PAR) and low (30 ME m-2 s-', PAR) photon flux densities in a controlled environment growth chamber (EGC) at 18°C (±0.5°C) under continuous illumination. Illumination was provided by metal halide lamps (GE R multi-vapor 400 W). Cultures were stirred and aerated, and preconditioned for at least 1 week at either high or low photon flux densities prior to physiological measurements. Cell densities were determined daily as described previously (14) , and maintained at about 105" cell ml-' to avoid self-shading. Cell dimensions were determined with an ocular micrometer and cell volumes were calculated.
Photosynthesis and Spectral Determinations. Photosynthesis versus irradiance (P vs I) experiments were carried out in Rank Brothers (Cambridge, England) polarographic 02 electrodes as described (2, 16, 23) . Cells were resuspended in fresh f/2 containing 10 Photosynthetic Unit Characterization. The PSU sizes based on Chl:P700 ratios, termed PSU-RC I, were determined in Tritonsolubilized membranes as described (2, 16 (14, 24) . The gels were stained with Coomassie brilliant blue R for 2 h and destained in methanol/water/acetic acid (50:40:10, v/v/v) and gels were imbedded with fluor (26) and autoradiographed with Kodak XOmat AR5 film at -80°C for 24 h. Partial peptide mapping was conducted using S. aureus V-8 protease (Miles) using the methods of Cleveland et al. (8) .
In the in vivo protein synthesis experiments, the gel lanes were cut into 1 cm segments after fluorography. Each (New England Nuclear, >160 Ci mmolV'). Radioactive aminoacyl-tRNA was removed by treatment with 100 ,g ml-' pancreatic RNAse A (Sigma). Aliquots were counted by spotting onto glass fiber filters (Whatman GF/C). Protein was precipitated with cold TCA ( 10%, w/v followed by two ethanol washes. Filters were counted by liquid scintillation. The translation products were electrophoresed on 15% Laemmli gels (24) and autoradiographed (26) as described before.
Immunology and Indirect Immunoprecipitation. Polyclonal, monospecific antibodies were prepared as described previously (14) against the denatured apoprotein isolated from Chaps-solubilized membranes (14) . Indirect (26) .
RESULTS
Photosynthetic Responses to Photon Flux Density. To understand how changes in photon flux density might influence the synthesis of the light harvesting apoprotein, photosynthetic parameters reflecting the functional organization of pigment-proteins in the PSU known (2, 15, 16, 29) to change in response to growth photon flux density were measured. These included P vs I relationships, the sizes of the PSU based on RC I and RC II, the numbers of RCs per cell, the ratios of RC II to RC I, pigment content, and energy transfer features.
The P vs I relationships for high (400 ME m-2 s') and low (10 MuE m-2 s-') photon flux density grown diatoms are summarized in Table I and presented in Figure 1 . When net photosynthesis was expressed on a cell basis, both high and low light grown cells exhibited essentially identical light-saturated photosynthesis (Pmas-) (11.5-12.0 Lmol 02 cell-' min-'; Fig. la) . The initial slope of the P vs I relationships expressed on a cell basis was steeper for low light grown cells than for high light cells (Table I ). The photon flux density required to achieve Pmax termed IA, for both high and low light grown cells was approximately 150 to 175 ME m-2 s-'. Similar findings have been made on the diatom Skeletonema costatum (15) .
When photosynthesis was normalized to total Chl (a + c) ( Chl min-'; Table I ). Chl content under low light was 0.87 picogram Chl a and 0.175 picogram Chl c per cell, while under high light it was 0.39 and 0.059 picogram, respectively (Table I) . The photosynthetic efficiencies per Chl, defined as the light limited initial slope were indistinguishable for the two growth light conditions (Table I) . These findings are in agreement with the earlier findings of Beardall and Morris (4) on P. tricornutum and for certain clones of the diatom Skeletonema costatum (16) . In high light grown cells, the PSU-RC II increased 27% while the PSU-RC I decreased 8% compared with cells grown under low light. In the low light cells, the number of RC Is per cell was 2.7 times greater than that in high light, while the number of RC Ils per cell was 3.0 times higher (Table I) . Correspondingly, the RC I:RC II ratio only differed slightly between high and low light grown cells. Because the number of RCs per cell was significantly greater in low light grown cells than in high light (Table I) , it was expected that PmLW-, per cell would be greater under low light conditions. However, because the low light grown cells were significantly larger than the high light grown cells, they possessed three times the cellular volume (Table I) . Therefore, the maximal photosynthesis per unit cell volume under the two light conditions was very similar (Table I) . The influence of cell size changes in response to growth photon flux density has often been overlooked in interpretation of photosynthetic performance in response to variable light regimes in phytoplankton (2, 15, 20) .
To assess whether changes in PSU sizes or numbers per cell, and consequently changes in cellular content of the light harvesting Chl a/c/fucoxanthin complex, were related to energy transfer features, whole cell fluorescence properties were examined (Fig. 2) . Low light grown cells showed essentially identical fluorescence excitation features as their high light counterparts. The excitation spectra showed the dominant contributions of Chl a (420-440 nm), Chl c (450-475 nm), and fucoxanthin (490-540 nm) to Chl a emission. There were no significant differences between the two light conditions as demonstrated in the fluorescence excitation difference spectrum of the high and low light grown cells when normalized to the same in vivo Chl a content (Fig. 2 ). There were also no discernible differences in whole cell absorption spectra of the same cell suspensions (data not shown). The fluorescence emission spectra of high and low light grown cells were identical (Fig. 2) irrespective of whether Chl a (440 ± 10 nm) or fucoxanthin (500 ± 10 nm) was excited. No detectable Chl c emission (625-640 nm) was observed indicating that all of the Chl c present was fully coupled in energy transfer in both high and low light cells (14, 16) .
Regulation of Apoprotein Synthesis by Photon Flux Density. The patterns of in vivo membrane protein synthesis obtained in response to photon flux density are presented in Figure 3 . Based on previous findings on P. tricornutum (4) and another diatom (27) it appears that photosynthetic light adaptation is complete within 10 to 12 h, therefore high and low light grown cultures were labeled for 3 h under high, medium, and low photon flux densities after a I h preexposure to the experimental light condition. The two arrows in Figure 3A indicate the position of the 17.5 and 18.0 kD apoprotein polypeptides ofthe light harvesting complex (14) . When high light grown cells were labeled under high photon flux densities (Fig. 3A, lane 1) , the apoprotein polypeptides accounted for 9% of the total labeled membrane protein (Table II) . The percentage of label incorporated into the apoprotein increased to 11% of total membrane protein content when high light grown cells were labeled at medium photon flux densities (Fig. 3A, lane 2) . The level of labeling increased still further to 14% of membrane protein content under low photon flux density conditions (Fig. 3A , lane 3) (Table II) . The staining intensity of the apoprotein polypeptide zone showed a similar pattern (Fig. 3B) . Low light grown cells showed decreases in labeling in the light harvesting apoprotein when exposed to higher photon flux densities (Table II) . When these cultures were labeled under low photon flux densities (Fig. 3A, lane 4) , 18% of the label was incorporated into the 17.5 to 18.0 kD gel zone, (Table II) Absorbance at the Chi a maximum was normalized to 0.04 A units per ml. Excitation spectra (bandwidth = 1 nm) were obtained for the 680 nm (±10 nm) emission while emission spectra (bandwidth = I nm) were obtained with excitation at 470 ± 10 nm. The excitation spectra for the high and low light grown cells were offset for comparison (a). The emission spectra were indistinguishable (b). The difference spectrum for the fluorescence excitation spectra is presented in (a). densities (Fig. 3A, lane 5) , the percentage of label incorporation into the apoprotein bands dropped to 7% of total membrane protein. When these cells were shifted to high photon flux densities, the apoprotein zone accounted for only 6% ofthe total membrane protein (Fig. 3A, lane 6) . That large and significant changes in rates of incorporation of label into the apoprotein polypeptides were observed in 3 h labeling periods indicated that these responses were rapid.
Paril Peptide Mapping. To test critically whether the 17.0 and 18.0 kD doublet described by us (14) represents two distinct polypeptides, partial peptide mapping was conducted with S. aureus protease (Fig. 4) . The two polypeptides were separated on 15% Laemmli gels (24) and reelectrophoresed on 20% Laemmli gels. Upon reelectrophoresis, the two polypeptides showed distinct Mr values of 18.0 and 17.5 (Fig. 4, lanes 1 and 2) . When the 18.0 and 17.5 kD polypeptides were subjected to partial proteolysis, the 18.0 kD polypeptide yielded about 13 peptide bands of which 7 to 8 were essentially identical to the peptides derived from the 17.5 kD polypeptide. The major difference in proteolytic products between the two polypeptides was in the higher Mr range which could be accounted for by differential rates of proteolysis. Preliminary tryptic peptide mapping by C,8 reverse phase HPLC ofthe two polypeptides revealed only minor differences between the polypeptides as well (13) .
Immunoprecipiation of in Vitro Translation Products of Poly(Ar RNA. The purified total diatom RNA possessed a 260:280 nm ratio greater than 1.8 and the yield was approximately 2.4 mg total RNA (using an extinction coefficient of 40 ;&g single strnded RNA per an absorbance unit). Selection of the total RNA on oligo(dt)-cellulose resulted a yield of 120 sg RNA (including rRNA) in the poly(A)+ fraction. When the poly(A)+ fraction was translated and the products electrophoresed (15% Laemmli gels) and fluorographed, a large number of labeled translation products over a wide range of mol wt were observed (Fig. 5, lane 1) . A conspicuous protein band at 22 kD was the major translation product. In vitro translation of the 
FIG. 3.
In vivo protein synthesis of P. tricornutum cells grown and exposed to a range of photon flux densities. Cells were preadapted to either high (400 ME m-2 s-') or low (30 ME m-2 s-') light conditions and then shifted to high (400 ME m-2 s1'), medium (125 pE m-2 s~'), and low (30 pE m-2 s-') photon flux densities. One h after the shift, NaH'4CO3 was added and incorporation into membrane proteins was terminated after 3 h. (Fig. 5, lane 4) .
Protein Synthesis in the Presence of Translation Inhibitors.
Phaeodactylum tricornutum membrane polypeptides were labeled in vivo using NaH'4CO3 in the light and in the presence of various concentrations of cycloheximide or chloroamphenicol (Fig. 6) . Membrane 
DISCUSSION
Though the physiological, PSU, and photosynthetic responses of phytoplankton to growth photon flux have been examined in a broad number of species (25, 29) , essentially nothing is known about the molecular events that contribute and regulate these responses. The present investigation sought first to define the photosynthetic and PSU light adaptation features of P. tricomutum and then examine the regulatory role of photon flux density upon the synthesis of its major light harvesting pigment-protein. (2, 15) ; (c) alterations in the enzymic activities associated with carbon fixation (4, 25, 29) ; and (d) changes in the P vs I relationships (2, 16, 25, 29) . Any number of combinations of these responses can be employed by a given species or even a single clone of a species (2, 15, 16, 25, 29) . Furthermore, culture conditions can also have profound influences on light adaptation responses (4) . Because of this variability, it was essential to document the photosynthetic responses of P. tricornutum (UTEX 646) to different photon flux densities under the same conditions of culture as the molecular responses were examined. In this way it was possible to interpret cellular The data demonstrated that (a) synthesis of the apoprotein polypeptides was effectively inhibited at all cycloheximide concentrations examined, (b) the apoprotein polypeptides were not inhibited by chloramphenicol at any concentrations employed, and (c) a major polypeptide of 32 kD was strongly inhibited by 50 and 500 ,ug ml-' chloramphenicol but unaffected by cycloheximide, demonstrating that the drug was capable of affecting diatom protein synthesis. The results of these experiments demonstrate that the diatom light harvesting apoprotein is synthesized on cytoplasmic ribosomes. The tandem use of chloroplast and cytoplasmic inhibitors has been used to localize the sites of synthesis of pigment-protein complexes in peas (10) , soybeans (3), Chiamydomonas reinhardii (12) , and red algae (9) .
Evidence presented here from partial proteolysis and preliminary tryptic peptide mapping by HPLC (13) indicate that the diatom light harvesting apoprotein is composed of two similar, but distinct polypeptide species of 17.5 and 18.0 kD. Though the precise relationship between these two polypeptides is unknown, it is possible that the polypeptides are coded for by different genes as found for the Chl a/b protein polypeptides (30) . It is also possible that the two similar polypeptides arise from a single transcript and are the product of a posttranslational event(s) (e.g. glycosylation or differential leader sequence cleavage) yielding two different Mr thylakoid components.
Cytoplasmic translation of the apoprotein polypeptides of the light harvesting pigment-protein provides strong evidence that this protein is encoded in the nuclear genome (12 (9) . However, the data do illustrate that chloroplast biogenesis in diatoms involves the coordinated activity of both nuclear and chloroplast genes, similar to that described in green plants.
